To evaluate the crystal growth characteristics of vibration welding, Inconel 690 alloy was welded when subjected to synchronous mechanical vibrations. This study employs arc oscillation welding along with vibrations to obtain structures with the preferred orientation. The results show that the surface normal orientation of grains in vibrationless weld was {420} preferentially, but they were {200}, {311} and {420} preferentially in vibration welding. The microstructure between the first and the second pass weldings illustrates that vibrations disconnect the dendrite growth from the first pass weld to the second. The most recent grains were formed without relating to the neighbouring grain. In the vibrationless weld, the grain orientation was either parallel or perpendicular to the orientation of the nearby grains. Hence, the grains subjected to vibration welding have three orientations, but only one when subjected to vibrationless welding. On the other hand, secondary dendrite arms were rarely observed during vibration welding, but dendrites with orientations parallel to the vibration could grow easily and strongly. This result illustrates that vertical vibration encourages vertical dendrite growth and restricts their horizontal growth.
Introduction
Due to the defects formed during the welding process and the need to improve the welding quality and eliminate welding defects, vibration welding is becoming increasingly popular and is widely used in several industries. The application of vibration during or after the welding process is useful for residual stress reduction. [1] [2] [3] [4] A number of industries 5, 6) have employed the vibratory stress relieving (VSR) method for reducing residual stresses in the welded components.
Several results for the application of vibration during the nucleation process were reported by Wei 2) and Pillai. 7) Wei employed high-frequency vibrations to reduce the temperature gradient and segregation in the nuclear pool during alloy solidification. Pillai used manually controlled lowfrequency vibrations to improve the mechanical properties of Al-Si alloys. These references indicate that the application of vibration during the solidifying process will not only reduce the residual stress but also improve the microstructure and metallurgical property. However, there are no evidences on the effects of crystal structure in the literature.
Results have shown the effectiveness of vibration welding for grain refinement, dendrite fragments and residual stress reduction. [6] [7] [8] [9] [10] These properties have been studied in the past, but the crystal structure was not considered. Vibration welding is expected to result in a chaotic structure because the deposition and solidification processes are disturbed by the vibrations. However, most materials suffer from one or more phase transformations during solidification, which then create a non-oriented crystal structure. For instance, in AISI 304 stainless steel, when the ! (ferrite ! austenite) transformation occurs, the cell atoms rearrange from bcc to fcc type, and the crystal structure does not exhibit any preferred orientation, 10) resulting in an absolutely random structure.
Inconel 690 was employed to investigate the effect of vibration on the crystal growth directions because it only solidifies from the liquid state to austenite when cooled to room temperature without any phase transformation. Most of the artificial vibrations were in a steady state, with a fixed frequency and amplitude during the vibrator operation. However, it is a well-known fact that different crystal systems possess a pronounced tendency to specifically exhibit preferred growth directions. The preferred growth direction in both fcc and bcc materials is parallel to the edge of the unit cube. In crystallographic terminology, the three mutually perpendicular directions parallel to the edge of the unit cell are written as h100i; thus, they exhibit a h100i preferred growth direction. If vibrated vertically, the vibration direction is h001i, and finally, the atoms will fit into the (001) plane. However, they will not yield a disordered structure; this phenomenon was well discussed. 11) This suggests that vibrations enable the liquid atoms to fit into the vacancies. However, when the vibrations are along h001i, can the (100) and (010) planes (in general, they appear as secondary dendrite arms) receive liquid atoms and grow? The above question is answered in the following discussion.
Experimental Procedures
A mass-eccentric vibrator was employed to apply vibrations during welding, and the vibration frequency was set at resonant frequency. The resonant frequency (47.3 Hz) was read from the harmonic curve ( Fig. 1) , and the amplitude measured AE2:03 Â 10 À1 mm. The experimental set up is shown in Fig. 2 .
The material employed for the experiment was as-received Inconel 690 alloy. Figure 3 shows the X-ray pattern for the as-received sample; this corresponds with that of the JCPDS 35-1375 standard, indicating that the sample has an fcc crystal structure with the lattice constant being 0.3591 nm. The intensity ratio of (111), (200), (220) and (311) Inconel 690 employed for arc oscillation welding was in the plate form and measured 70 mm Â 200 mm Â 8 mm.
Welding process 2.1.1 Arc oscillation welding
Specimens were welded using the gas tungsten arc welding (GTAW) process without a filler metal. The welding current, voltage and travel-speed were set at 180 A, 13 V and 20 mm/ min, respectively with a protective argon gas shield at a flow rate of 15 L/min. The oscillation speed was set at 3.3 mm/s for a 35-mm width without the filler metal. Since the arc oscillation process carries a high heat input, a watercooled aluminum plate was used to cool the Inconel 690 plate during welding.
X-Ray diffraction
A Mac Science MXP3 X-ray diffractometer was used for crystal diffraction. The top surface of the shield was selected for the X-ray diffraction measurements during the arc oscillation welding, which is shown in Fig. 4 . The settings used were as follows: wavelength: 1.54056 nm; X-ray tube voltage: 40 kV; current: 30 mA; scan range: 40-155 with increments of 0.02 and scanning speed: 10 /min.
Experimental Results and Discussion
The morphologies of weldments without and with vibration are shown in Figs. 5 and 6, respectively. Compare to vibrationless arc oscillation welding (Fig. 5a and b) , vibration welding have higher penetration depth. The phenomenon also can be observed in the top view image shown in Fig. 6(b) . The weld bead to sink at the centerline but the vibrationless weld shows a relative flatness surface ( Fig. 6(a) ). The result implies that the vibration offer a perturbation causes liquid convection of vibration welding different from without vibration welding, and the phenomenon will affect the solidification parameter and further more on the microstructure but not grain orientation. Figure 7 illustrate the grain orientation is a result of epitaxial growth. It relies on the orientation of their neighbor grain but not the shape of weld pool. Because of the grain orientation does not perpendicular to the fusion line.
As to vibration welding (Fig. 8) , the grain orientations were uncontinuous. The relative motion between weld pool and specimen can be treat as convection or perturbation. Although the convection may affect grain orientation but Fig. 8 shows the grain orientation can not affect by second pass welding. Hence, the grain orientation should be explained by the view point of crystallography. It is more easily and correctly, because the key point is the epitaxial growth can be hindered by vibration.
The results of X-ray diffraction of Inconel 690 that was subjected to arc oscillation welding without and with vibration are shown in Fig. 9(a) and (b) , respectively. The vibrationless diffraction pattern in Fig. 9(a) illustrates that the crystal structure in the selected area shows the surface normal orientation of the grains in the weld metal is {420} preferentially. Figure 9(b) shows the diffraction pattern of Inconel 690 that was subjected to arc oscillation welding with vibration. The result shows that the surface normal orientations of the grains of vibration welding are {200}, {311} and {420} preferentially. Both the vibrationless and vibration welding processes yield the {420} peak in X-ray diffraction profile. This is probably due to created by arc oscillation welding. But how do the other two peaks arise? Figures 7 and 8 manifest the major difference between the orientations with and without vibration. Figure 7 shows the microstructure of the first (zone a) and second (zone b) pass weldings, including an indistinct fusion line. Zone a is more regular because all the grains grow regularly in the same direction. In general, the orientation of the second pass weld grain at the edge of the fusion line is epitaxially related to that of the adjacent incompletely melted grains at the end of the first pass welding. Hence, zone b is more complex due to the epitaxial and competitive growth. However, most of the grains were continuously grown from zone a into zone b. These two mechanisms could be easily observed in both Figs. 7 and 8. As seen in Fig. 7 , the dendrite column grows directly across the fusion line if it is perpendicular to the latter, provided the intended meaning is conveyed. In the case where the dendrite column is parallel to the fusion line, the secondary arms replace the dendrite column by cutting across the fusion line. In any case, the grain growth orientations in zone b were related to those in zone a. With regard to vibration welding, Figure 8 reveals several critical differences between zones 1 and 2. There are only a few dendrites that grow continuously from zone 1 to zone 2. A major portion of the structure of the dendrites growing across the fusion line comprised small equiaxis grains, and their orientation was not consistent with that of the dendrite on the left-hand side of the fusion line. In Fig. 7 , the grain orientation is either parallel or perpendicular to the original, and there are no exceptions. The comparison can explain why vibrationless welding has only one preferred orientation, while vibration welds have three. Further, the mechanism is dependent on the loss of correlation with the adjacent grain as a result of the vibration. It is apparent that only the dendrites growing vertically can continue to growth without getting ruptured by the vibrations. It can be proof, the grain growth in zone 1 also oriented and have just only one orientation. Another apparent difference between the vibrationless weld and the vibration weld is the secondary dendrite arm, particularly, in zone a. Almost each dendrite possesses a large number of secondary dendrite arms, and even the main dendrite column in zone b grew from the second dendrite arm. However, the second dendrite arm is rarely observed in Fig. 8 . Because the solid/liquid plane vibrates vertically, based on the relative motion, the liquid atoms can be assumed to vibrate along h001i so that only the (001) plane can accept these atoms. Hence, the dendrite growth is continuous in the vertical direction and restrained in the horizontal direction.
Conclusions
In this study, a steady-state vibration was applied to the arc oscillation welding process.
The surface normal orientation of grains in vibrationless welding is {420} preferentially. After vibration welding, {200} and {311} orientations were created due to the vibrations. The observation of the microstructure of the welds indicates that if the grain growth direction is parallel to the vibration direction, the grain can continue to grow and maintain its orientation. On the contrary, if the grain growth orientation is perpendicular to the vibration direction, the growth will be restrained, and the grain will cease its growth at the edge of the fusion line. Hence, new grains and orientations are formed after the second pass welding. This is the reason why vibration welding has the more preferred orientation over vibrationless welding. 
